In waters 5 2 m deep, green colonies of reef-building Porites astreoides Lamarck are significantly more abundant than their brown counterparts. To determine whether this distributional pattern reflects differences in the ability of green and brown colonies to tolerate high intensities of ultraviolet-A (320-400 nm) and -B (280-320 nm) radiation, I enhanced UV intensities by transplanting colonies of each color from 6 to 1 m deep. After 104 d, brown P. astreoides exposed to UV radiation at 1 m exhibited algal mitotic indices and linear skeletal extensions that were significantly lower than brown conspecifics shielded from UV light. In contrast, green P. astreoides were unaffected by UV radiation incident at 1 m. These morphspecific differences in UV tolerance corresponded with variation in the quantities of UV light-absorbing mycosporinelike amino acids (MAAs) present in the corals. Both morphs had mycosporine-glycine (A,,, = 3 10 nm), palythine (X,,, = 320 nm), asterina-330 (X,,, = 330 nm), and shinorine (X,,, = 334 nm), but green P. astreoides had significantly greater concentrations of aster-ma-330 than brown colonies both before and after transplantation. Increasing the concentration of a single MAA with a broad absorbance range may represent an effective means of countering high UV intensities, and UV light may be an important abiotic factor structuring the shallow-water distribution of P. astreoides.
The intensities of ultraviolet-A (320-400 nm) and -B (280-320 nm) radiation reaching the surface of the ocean at low latitudes represent some of the highest levels found worldwide because of the relative thinness of the ozone layer near the equator and the low zenith angle of the sun (Baker et al. 1980) . Further penetration of short wavelength light to depths below the ocean surface is controlled by absorption by water and scattering by suspended particles (Jerlov 1968) . Relatively small amounts of suspended matter are present in most tropical seas, including those surrounding many coral reefs, thus biologically damaging wavelengths of UV radiation can penetrate to considerable depths (Jerlov 1968; Fleischmann 1989; Wellington and Gleason in prep.) .
The intensities of UV-A and -B radiation reaching shallow (< 5 m deep) benthic habitats at tropical latitudes can negatively affect sessile organisms. UV-induced changes in community composition, reductions in primary production, and organismal mortality have been documented (Jokiel 1980; Wood 1987) . Many sessile marine species that successfully inhabit shallow-water environments lessen the damaging effects of short wavelength radiation by synthesizing or accumulating UV-absorbing compounds within tissues. These compounds, collectively categorized as mycosporinelike amino acids (MAAs), have strong absorption maxima in the range from 3 10 to 360 nm (Dunlap and Chalker 1986; Karentz et al. 199 1) . This wavelength range corresponds to a large portion of the biologically damaging UV radiation currently impinging on the earth. The importance of MAAs as a mechanism for coping with UV is emphasized by their widespread occurrence in algal and invertebrate species inhabiting shallow waters throughout the world's oceans (Dunlap and Chalker 1986; Karentz et al. 1991) . Whether natural variability in the quality or quantity of blocking compounds translates into differences in UV resistance, however, has not been addressed systematically.
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The immense success of reef-building corals in the nutrient-poor waters of tropical oceans has been largely attributed to the mutualistic relationship between an algal symbiont (zooxanthella) and coral animal (Muscatine and Porter 1977) . Translocation of photosynthetic products from endosymbiotic algae to their coral host provides most, if not all, of the carbon needed for animal respiration . Nutritional reliance on zooxanthellae necessitates that, on average, hermatypic corals inhabit open reef environments where visible light intensity promotes net production of the coral (Huston 1985a) . Occupying open reef areas also exposes symbiotic corals to UV radiation. Like many other sessile species, hermatypic corals may neutralize the damaging effects of UV through synthesis or accumulation of MAAs (Dunlap and Chalker 1986; Dunlap et al. 1986 ). These compounds are ideal for organisms harboring photosynthetic endosymbionts because they absorb heavily in the UV range while simultaneously being transparent to photosynthetically active radiation (PAR, 400-700 nm). Previous studies have shown that the intensities of UV radiation incident on shallow tropical reefs can control distributions of "shade-loving," nonsymbiotic members of the benthos (Jokiel 1980) . However, effects on the distributional patterns of reef-building symbiotic corals, especially those possessing MAAs, have not been investigated experimentally.
In the Caribbean, the symbiotic coral Porites astreoides Lamarck is present as either brown (i.e. light to dark brown) or green (i.e. yellowgreen to dark green) colonies (Gleason 1992) . Mottled green-brown colonies are absent (pers. obs.). Besides color, no other differences in polyp or skeletal morphology are evident (Potts and Foster in prep.). Only colonies of similar color will fuse when placed in direct contact (Gleason unpubl.) , and electrophoretic analyses indicate that green and brown morphs differ in gene frequencies (D. C. Potts pers. comm.). Thus, current evidence supports the conclusion that green and brown morphs of P. astreoides are stable, genetically distinct phenotypes. Distributions of these color rnorphs on Caribbean reefs are indicative of potential differences in ability to tolerate UV radiation. Although both morphs commonly occur to depths >33 m, green colonies are significantly more abundant than brown ones on the shallow forereef (5 2 m deep) where UV intensities are high (Gleason 1992) . Additionally, green colonies show weak fluorescence of UV radiation (pers. obs.), indicating that green and brown morphs may differ in the types and quantities of UV protective pigments present within tissues (Kawaguti 1944) . In the present study relationships between colony color, concentrations of MAAs, and UV resistance were investigated. Results provide the first field evidence that tolerance of natural levels of UV radiation in Caribbean corals can vary with colony color. This differential resistance corresponds with morph-specific differences in MAA concentrations and provides evidence that UV may play a role in structuring the patterns of abundance observed for P. astreoides morphs in shallow water.
Materials and methods
Study sites and colony abundance-This investigation was conducted at two coral reef sites (Tague Bay and Buck Island) adjacent to St. Croix, U.S. Virgin Islands. Tague Bay is near the eastern end of the island and is protected by a bank-barrier reef that starts < 1 m below the water surface and drops off to sand at -12 m. Buck Island is physically separated from the eastern end of St. Croix by a 2-kmwide sand channel with a maximum depth of 15 m. The reef on the eastern edge of Buck Island is also a bank-barrier reef with a construction and depth profile similar to that at Tague Bay. P. astreoides is of numerical and structural importance at both sites, especially since white band disease has removed a large percentage of the Acropora palmata (Lamarck) colonies that formerly dominated the reef (Bythe11 et al. 1989 ). Abundances of green and brown colonies of P. astreoides were quantified in September 1988
and October 1989 at 1-, 3-, and 6-m depth on the forereefs of both Tague Bay and Buck Island. A minimum of six lo-m2 random transects were made along each depth contour. All P. astreoides colonies, regardless of size, lying partially or wholly within the rectangular area were counted and qualitatively categorized as to green or brown coloration. Colonies ranging from dark green to yellow were classified as green morphs, and those ranging from light to dark brown were denoted as brown morphs.
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Transplant manipulations--The ability of green and brown morphs of P. astreoides to resist the damaging effects of UV-A and -B radiation present at water depths 52 m was tested between the beginning of June and middle of September 1989 by transplanting them from a depth of 6 m to 1 m on the forereef of Tague Bay. At 1 m, the corals were placed in one of three treatments: exposure to ambient UV radiation present at 1 m (no cover), UV blocked (35 x 35 x 0.6-cm polycarbonate cover), or cover control (35 X 35 X 0.3-cm acrylic cover). The polycarbonate (Lexan) was opaque to both UV-A and -B, but was 92% transparent to wavelengths ~400 nm. The acrylic (P-UVT, Rohm and Hass Corp.) was from 70 to 84% transparent to UV-B, 85 to 9 1% transparent to UV-A, and provided a control for any shading or other effects associated with a cover. Polycarbonate and acrylic plates were secured by drilling -6-8 cm deep into the reef substrata with an air-powered pneumatic drill and cementing 1 x 22-cm threaded stainless steel rods in these holes with underwater epoxy (Splash Zone Compound, Kopper's Corp.). Plastic covers were supported at each of their comers with stainless steel nuts and washers.
Green and brown colonies used in the experiment were 1 O-l 3 cm in diameter, collected from 6 m deep on the forereef of Tague Bay. The impact of UV radiation on coral growth was assessed by staining all colonies with Alizarin Red S for 36 h before they were cemented to the substratum. Incorporation of alizarin dye into the actively growing skeleton provided an initial marker that could be used to measure subsequent growth (Wellington 19 8 2) . Five polycarbonate and five acrylic covers were secured to the reef and four colonies, two green and two brown, were placed under each plate. In addition, 10 individuals of each type were positioned in the open. Assignment of the colonies to each treatment was by lottery. Data collected for each pair of colonies of like color were averaged and considered a single replicate to avoid statistical artifacts resulting from pseudoreplication (i.e. more than one experimental unit per replicate) (Hurlbert 1984) . Thus, there were 5 replicates per treatment.
The plastic covers were brushed clean every 3 d to avoid reductions in visible light that could have resulted from fouling. Relative measures of the efficacy of each treatment to block or transmit UV radiation were obtained with UV-A and -B sensors (International Light Inc.) with peak detections at 365 nm (50% detection range, 330-375 nm) and 285 nm (50% detection range, 265-310 nm), respectively. Four sensors of each type were interfaced with dataloggers so that measures of UV could be taken simultaneously at a station above the water and in all three treatments at a depth of 1 m. On 14 August 1989, UV intensity was recorded at 30-min intervals between 0600 and 1800 hours in order to provide a profile of UV radiation throughout the daylight period. In addition to UV measurements in each treatment, on 15 August 1989, the increase in UV-A and -B radiation experienced by transplanted colonies of P. astreoides was estimated through instantaneous readings taken between 1200 and 1300 hours at 1 and 6 m deep. Both 14 and 15 August were cloudless days with calm, clear water conditions, so UV intensities recorded represent some of the highest levels occurring during the experiment.
The rate at which planktonic prey are delivered to passive suspension feeders, such as corals, and the ability of passive suspension feeders to capture prey varies with the water flow regime (Sebens and Johnson 199 1) . Therefore, alterations in current velocity that might have resulted from the addition of plastic covers were tested for by monitoring dissolution of plaster-of-Paris clods (Wellington 1982) . Clods were molded in standard Styrofoam egg cartons and attached to 7 x 7 x 0.6-cm acrylic squares with rubber cement. Four clods were clamped, one on each side, to a 1.8-kg lead diving weight. The weights with their attached clod cards were placed on the reef either out in the open or under the plastic tops. Clods were removed from the reef after 24 h, allowed to sun dry for 12 h, and weighed. A diffusion factor, directly proportional to average current velocity, was calculated according to Wellington (1982) .
Coral biomass parameters-Transplanted P. astreoides colonies were collected between 1000 and 1200 hours on 15' September 1989, after 104 d. All colonies were placed in a -20°C freezer at 1300 hours and held at that temperature until analysis. Effects of the various treatments on the health of the morphs was assessed by evaluating zooxanthella densities, mitotic indices (i.e. % of zopxanthellae dividing), colony growth, and protein concentrations.
Densities of zooxanthellae cm-2 of tissue surface were determined on coral plugs obtained from the top and side of each colony by drilling to a point deeper than the tissue layer with a 14-mm-diameter diamond&grit hole bit. Coral plugs were decalcified at 4°C for 48-72 h with 10% HCl and 0.7% EDTA (E.H. Gladfelter pers. comm.). Zooxanthellae were isolated from animal fractions by first grinding the decalcified sample in a tissue homogenizer (5,000-7,000 rpm) and then centrifuging (2,000 rpm) to pellet the algae. After centrifugation, the supernatant (i.e. animal fraction) was discarded and the concentrated zooxanthellae were resuspended in 10 ml of distilled water. Algal cell densities were quantified on this suspension by taking the average of three counts conducted on a Levy hemacytometer. Conversion to the number of zooxanthellae cm-2 was accomplished by dividing by the area of the exposed upper surface of the coral plug, as determined by the aluminum foil technique (Marsh 1970) .
Mitotic indices were assessed in the same algal suspensions used to estimate zooxanthella densities. Presence or absence of cell division was documented in the first 500 cells encountered on a Levy hemacytometer for three subsamples of each suspension (1,500 cells per coral). A zooxanthella was considered to be in the dividing phase if it appeared as a doublet with a division furrow (Wilkerson et al. 1988) .
Growth during the experiment was quantified by bisecting the colonies longitudinally and measuring the linear addition of skeletal material accreted above the Alizarin stain line. For each colony, growth represented the mean of measurements made at 1 -cm intervals along the tissue surface of the exposed section. Because linear skeletal extension was usually <2 mm, measurements were made at 16 x under an Olympus stereomicroscope fitted with an optical micrometer.
Concentrations of soluble protein cm-2 of tissue surface were assessed on the same set of coral plugs used for MAA extractions (refer to next section for protein procedure). Protein concentrations were standardized to exposed upper surface area of the coral plug as quantified by the aluminum foil technique (Marsh 1970) .
UV-blocking compounds -UV
light-absorbing MAAs were extracted from a single plug of coral tissue that was removed from the top of each colony with a 14-mm diamondgrit hole bit. Extraction was accomplished with three 5-ml volumes of 20% tetrahydrofuran in methanol (Dunlap and Chalker 1986) . The initial extraction was conducted for 24 h at 4°C while the other two were carried out for 5 min under sonication in an ice bath. After each treatment with solvent, the sample was centrifuged for 5 min at 3,000 rpm and the supernatant decanted. A 1.5-ml subsample of the combined supernatant was centrifuged under refrigeration (4°C) at 14,000 rpm for 5 min. The presence of UV-absorbing compounds in each sample was initially confirmed by dispensing the supernatant from this subsample into a quartz cuvette and scanning from 290 to 400 nm on a Hewlett-Packard model 8452A diode array spectrophotometer.
MAAs were separated by reverse-phase isocratic high-pressure liquid chromatography (HPLC). Sample preparation followed the protocols of Dunlap and Chalker (1986) . Briefly, a lo-ml subsample of the combined solution obtained from the three extractions outlined above was diluted with 2 ml of distilled water. Nonpolar photosynthetic pigments were removed by filtration through two Waters C-18 SepPaks (Waters Chromatogr. Div., Millipore Corp.) connected in series. SepPaks were washed with 10 ml of distilled water and the solutions combined. Organic solvents were removed by placing the solution in a desiccator under vacuum. After 24 h, the remaining liquid was passed through a single SepPak that was subsequently rinsed with 10 ml of distilled water. Aqueous solutions were combined and lyophilized. Dry samples were stored at -20°C until analysis.
MAAs were separated on a Brownlee RP-8 column (Spheri-5,4.6 mm x 10 cm long) protected with an RP-8 guard column (Spheri-5, 4.6 mm x 3 cm long). Dried samples were resuspended in 1 ml of the mobile phase and 20-40-~1 subsamples were injected into the column. The mobile phase consisted of 0.1% acetic acid, 15% methanol, and 84.9% water at a flow rate of 0.8 ml min-l. Identification of the compounds was by spectrophotometric Standard compounds were prepared from crude methanolic extracts of organisms that had previously been characterized for MAA content: mycosporine-glycine and palythine from the zoanthid Palythoa tuberculosa (Takano et al. 1978; Dunlap and Chalker 1986) ;
shinorine from red algae of the genus Porphyra (Tsujino et al. 1980) ; and asterina-330 from lens tissue of the coral trout Plectropomus leopardus (Dunlap et al. 1989) . Methanol used to extract the standard compounds was removed under reduced pressure, residues dissolved in H20, and lipophilic pigments removed on the SepPak cartridges. Lyophilized standards were stored at -20°C and, when required, dissolved in the mobile phase and chromatographed. Quantification of MAAs present in coral tissues was based on peak area calibration of the chromatographed standards (W.C. Dunlap pers. comm.). Concentrations of each aqueous standard were determined by UV spectrophotometry using the published molar extinction coefficients (c) at the wavelength of maximum absorbance c3 1o = 28,100 for mycosporine-glytine (Dunlap and Chalker 1986) , ~320 = 36,200 for palythine (Takano et al. 1978) , c330 = 43,500 for aster-ma-330 (Dunlap et al. 1989) , and c334 = 44,700 for shinorine (Tsujino et al. 1980) . MAA concentrations in each sample were standardized by dividing by the amount of protein in the coral plug. Protein assays were conducted after extraction of MAAs. Protein was solubilized by" placing the coral plug in 2 ml of 1 N NaOH and heating the sample for 30 min at 90°C in a water bath. Soluble protein was subsequently quantified by spectrophotometry (59 5 nm) with the dye Coomassie Brilliant Blue G-250 (Bio-Rad) according to the protocol of Bradford (1976) . Bovine gamma globulin was used as the protein standard.
Extraction efficiencies for each MAA were determined in one brown and one green colony according to the procedures outlined by Dunlap and Chalker (1986) .
Results
Color morph distributions-At both Tague
Bay and Buck Island green colonies of P. astreoides were significantly more abundant than brown ones at 1 m deep. This pattern of abundance was not maintained at deeper sites (Table 1). Differences in the number of green and brown individuals were not significant at a depth of 3 m at Tague Bay or Buck Island; at 6 m, brown colonies were in higher (Tague Bay) or roughly equal (Buck Island) abundance to their green conspecifics (Table 1) .
Transplant manipulations-Transplanting coral colonies from 6 to 1 m deep represented an increase in UV-A intensity of 305% and in UV-B of 640%. At 1 m, the polycarbonate was very effective at reducing the amount of UV-A and -B radiation impinging on the corals throughout the day (Fig. 1) . At-the time of peak UV irradiance (1200-l 300 hours), UV-A and -B intensities under the polycarbonate were only 5 and 4% of those striking bare substrata. Likewise, the UV-transparent acrylic provided a reasonable control for cover effects introduced by the polycarbonate (Fig. 1) . Between 1200 and 1300 hours, UV-A and -B intensities under acrylic were m 90 and 88% of those found out in the open at 1 m, respectively. This slight dampening of the UV irradiance disappeared as the day progressed and after 1300 hours levels of both UV-A and -B beneath acrylic covers were indistinguishable from those detected on unshaded substrata.
The presence of plastic covers had no significant effect on water-current velocities (oneway ANOVA, F2 1o = 0.48, P = 0.63). The mean (&SE) diffusion factor was 5.06 (0.06, n = 4) under polycarbonate, 5.16 (0.09, n = 4) under acrylic, and 5.03 (0.11, n = 5) on uncovered substrata.
Coral biomass parameters-Brown P. astreoides exposed to UV radiation at 1 m deep on Tague Bay forereef exhibited lower numbers of zooxanthellae than similar colonies shielded from UV ( Fig. 2A) . These differences were not significant, but they did amount to > 500,000 fewer cells cm-2 on average and occurred in both treatments exposed to UV. This trend was not observed in green colonies. Green morphs showed similar zooxanthella densities in all treatments ( Fig. 2A) .
Exposure to UV radiation caused significant photoinhibition of the algal mitotic index in brown colonies. Zooxanthellae mitotic indices in brown morphs protected from UV were -2.3 times greater than those observed in colonies exposed to UV (Fig. 2B) . Mean mitotic indices for zooxanthellae living in brown individuals were similar in ambient and UVtransmitted treatments, indicating that observed differences were a function of the presence or absence of UV rather than some property of the polycarbonate cover. In contrast to brown colonies, inclusion of UV light did not significantly alter mitotic indices of zooxanthellae in green P. astreoides (Fig. 2B) .
The negative impact of UV radiation on brown morphs was evident in colony growth. Linear skeletal extension above the Alizarin stain line for the 104-d experiment was significantly greater for brown individuals protected from UV light than for colonies receiving UV exposure at ambient levels or under UV-transparent acrylic (Fig. 2C) . Again, differences observed in brown colonies could be attributed only to presence or absence of UV rather than to some other aspect of the polycarbonate cover because of similar responses in the UV-transmitted and ambient treatments. Linear skeletal extension in green P. astreoides, on the other hand, was not significantly different across treatments (Fig. 2C) . In contrast to the results found for colony growth, concentrations of protein cmm2 in brown colonies were similar in the presence and absence of UV radiation (Fig. 2D) . Green colonies showed the same result as browns: no significant differences in protein levels among treatments (Fig. 2D) .
UV-blocking compounds-Four MAAs were isolated from P. astreoides: mycosporine-gly- tine (X,,, = 3 10 nm), palythine (X,,, = 320 nm), asterina-330 (X,,, = 330 nm), and shinorine (X,,, = 334 nm). HPLC analyses of a random sample of green and brown colonies collected from 6 m at the end of the experiment indicated that these four compounds are present in both morphs. Although extraction efficiencies for all four MAAs were high (> 94%) and similar in both morphs, colonies collected from 6 m displayed consistent quantitative differences between morphs for two of the amino acids (Fig. 3) . Mann-Whitney U comparisons showed that brown individuals had significantly more mycosporine-glycine on average (P = 0.02) and green morphs harbored more aster-ma-330 (P = 0.02). Concentrations of palythine and shinorine, on the other hand, were similar in both morphs (P = 0.75 and 0.3 5 for palythine and shinorine). Mann-Whitney U comparisons also showed that MAA concentrations in brown and green colonies changed similarly after transplantation from 6 to 1 m for 104 d. Within each color type, colonies exposed to ambient levels of UV and visible light at 1 m showed significantly higher concentrations of aster-ma-330
(P = 0.005 for green, 0.025 < P < 0.05 for brown) and shinorine (P = 0.005 for both) than individuals remaining at 6 m (Fig. 3 ). Tn contrast, amounts of palythine present in coral tissues did not change after transplantation to the shallower depth (P = 0.75 for green and 0.35 for brown), and concentrations of mycosporine-Gly either remained the same (P = 0.35 for brown) or decreased significantly (P = 0.025 for green).
At 1 m deep, corals exposed to ambient UV intensities had significantly higher concentrations of asterina-3 30 and shinorine than corals shielded from UV with polycarbonate (for aster-ma-330 and shinorine, respectively: P = 0.0 1 and 0.025 for green, P = 0.05 and 0.025 for brown) (Fig. 3 ). Significant differences in the quantities of asterina-330 and shinorine between corals in the ambient and UV-blocked treatments indicated that increases in these compounds represented a response to enhanced UV radiation rather than visible light (400-700 nm). On the other hand, increased intensities of UV radiation could not account for the reductions in mycosporine-Gly observed for green morphs moved to 1 m (Fig.  3B) . Quantities of this compound were similar for colonies in ambient and UV-blocked treatments (P = 0.60), indicating that the higher photosynthetic photon flux densities observed at 1 m accounted for the reduced mycosporineGly concentrations observed in green P. astreoides moved from 6 to 1 m.
As was found for P. significantly greater quantities of mycosporine-Gly than their green counterparts (MannWhitney U-test, P = 0.025), and green morphs harbored more aster-ma-330 (P = 0.01) (Fig.  3) . The large quantities of asterina-330 found in green colonies translated into substantially higher absorbance of UV over the range from 300 to 350 nm (Fig. 4) . Statistical tests for differences in UV absorbance between morphs were conducted at wavelengths of peak absorbance for mycosporine-Gly, palythine, asterina-330, and shinorine. Green colonies displayed significantly higher absorbance of light per milligram of protein than browns at 330 (two-tailed independent samples t-test, P = 0.03) and 334 (P = 0.03) nm. Although green morphs also had a higher average absorbance at 3 10 and 320 nm, significant differences were not detected (two-tailed independent samples t-test, P = 0.28 at 3 10 nm and P = 0.06 at 320 nm).
As indicated previously, green and brown colonies exposed to ambient levels of UV radiation always showed significant differences in the concentrations of mycosporine-Gly and asterina-330 (Fig. 3 ). Spectrophotometric analysis of purified solutions containing either mycosporine-Gly or aster-ma-3 30 showed that these compounds overlap in absorbance ( 
Discussion
Reef-building corals occupying shallow habitats in tropical seas are known to be exposed to biologically detrimental intensities of UV radiation (Jokiel 1980; Jokiel and York 1982; Wood 1987) . Despite this exposure, the role that UV radiation plays in controlling distributions of corals in shallow reef zones has not been investigated. My results show that natural levels of UV light may contribute to the pattern of zonation observed for two morphs of the Caribbean coral P. astreoides. Green morphs are more abundant in water depths I 2 m, while in slightly deeper habitats a highly mixed assemblage of brown and green individuals is found. Color differences in this species are a reliable indicator of variation in the concentrations of MAAs present within the coral-algal symbiosis. These differences in UVblocking compounds confer differential resistance to natural levels of UV-A and -B radiation incident at 1 -m depth on Caribbean reefs. Green morphs transplanted from 6 to 1 m deep exhibit significantly greater concentrations of aster-ma-330 than brown morphs and are relThe exact means by which UV radiation inhibits zooxanthellae and other marine algae is not clear. Possible mechanisms include DNA and protein damage, oxygen toxicity, reduction of chlorophyll concentrations, or prevention of electron transport in photosystem 2 of photosynthesis (Caldwell 198 1; Worrest 1982; Renger et al. 1986) . It is also possible that among-treatment differences in the mitotic index represent UV-mediated host control of zooxanthella population densities rather than direct effects of UV radiation on the algae.
Previous studies with P. astreoides in Jamaica have shown an unphased diel pattern of zooxanthellae cell division and a coupling between host and algal growth (Wilkerson et al. 1988) . Both conditions are representative of possible coral host regulation of algal population density. Zooxanthellae mitotic indices observed here were from 4-l O-fold lower than the mean value detected by Wilkerson et al. ( 1988) at a similar depth in Jamaica. Despite these lower values, algal mitotic indices were still coupled with growth: brown colonies exposed to UV radiation showed the lowest mitotic index and growth (Fig. 2B, C) -again, a condition indicating potential host control of zooxanthella division. atively unaffected by the high intensities of UV In contrast to the among-treatment differpresent on the shallow forereef. Brown colonies relocated to 1 m and exposed to UV radiation, on the other hand, show less growth and lower algal mitotic indices than similar individuals protected from UV exposure.
Efects of UV radiation on zooxanthellaeEarlier investigations of UV radiation on cultured zooxanthellae indicate that growth is not photoinhibited by visible radiation, even at near-surface light levels, if transmittance of both UV-A and -B is blocked (Jokiel and York 1982, 1984) . If the UV block is removed, photoinhibition of algal growth can take place at light levels that are 60% less than those incident at the ocean surface. My study with P.
astreoides supports these earlier findings by showing that UV radiation can cause a reduction in the algal mitotic index in the intact symbiosis. The wavelengths causing photoinhibition in brown colonies appear to be concentrated near the boundary between UV-A and -B (i.e. 3 1 O-350 nm) because it is the light range where extracts from green morphs exhibit higher light-blocking efficiency (Fig. 4) .
ences in the mitotic index, enhancing UV intensities did not result in significantly lower densities of zooxanthellae in brown P. astreoides ( Fig. 2A) . This result was surprising given the relatively low concentrations of asterina-330 observed in brown colonies (Fig. 3) and the fact that other Caribbean species rapidly expel endosymbiotic algae during exposure to enhanced levels of UV light (Gleason and Wellington 1993) . Maintenance of high zooxanthella densities in brown P. astreoides exposed to UV radiation may reflect algal selfshading. Zooxanthellae in P. astreoides, especially in shallow water, appear to be distributed as a dense multicellular layer (Wyman et al. 1987) . Zooxanthellae situated lower in this layer are probably shaded by neighboring cells. Thus, it is possible that algae positioned only near the top of the multicellular layer experienced extreme changes in UV and were expelled. The sampling technique used here (i.e. coral plugs) would not have detected such a gradient in UV effect and may explain the lower, but nonsignificant, mean algal densities observed in brown colonies exposed to UV radiation.
MAAs and resistance to UV radiation-In addition to P. astreoides, many other reefbuilding species in the Pacific (Kawaguti 1944) and Caribbean (Logan et al. 1990 ) exhibit green-brown color dimorphism. Kawaguti (1944) was the first to hypothesize that green fluorescent pigments found in these dimorphic species act as a filter for UV radiation. My study has shown that fluorescent green morphs of P. astreoides are more resistant to UV radiation than their nonfluorescent brown counterparts, although the fluorescent pigments seem to contribute little to these differences in susceptibility to UV radiation. Green colonies fluoresce UV light only weakly. Further, exposing green P. astreoides surrounded with UVopaque acrylic to full sunlight does not noticeably dampen emittance of the green color. This result suggests that most of the color emitted is a product of fluorescing light with frequencies longer than UV (wavelengths ~400 nm), probably the blue portion of the spectrum (455-500 nm), Green autofluorescence under blue excitation is a common phenomenon in both animal and plant cells, including dinoflagellates (see Carpenter et al. 1991) , and provides no protection from harmful UV radiation. Thus, differential resistance to UV radiation between green and brown colonies of P. astreoides is more likely an outcome of differences in MAA concentrations than presence or absence of fluorescent green pigments.
Several studies of coral reef anthozoans document changes in the MAA conglomerate following increased exposure to UV radiation (Jokiel and York 1982; Scelfo 1985) , but only Shick et al. (199 1) Results obtained here with P. astreoides are similar to those of Shick et al. (1991) in that some MAAs increase in concentration during exposure to UV radiation while others do not.
After 104 d at a depth of 1 m, both green and brown morphs exposed to enhanced levels of UV radiation show increases in asterina-330 and shinorine, while concentrations of palythine and mycosporine-Gly either remain the same or decrease slightly (Fig. 3) . Whether these changes in MAA concentrations occurred in the endosymbiotic algae, animal tissue, or both is unclear because whole coral tissue samples were extracted. In any case, the increased concentrations observed for aster-ma-330 after exposure to enhanced intensities of UV radiation contrast with the conclusion reached by Shick et al. (199 1) that increases in asterina-330 are not a direct response to UV radiation, but represent accumulation due to seasonal changes, reproductive states, or diet.
Absence of a UV-induced increase in mycosporine-Gly and palythine is interesting in light of their presumed role as UV blockers (Dunlap et al. 1986; Dunlap and'chalker 1986; Karentz et al. 1991; Shick et al. 1991) . Lack of a response in these compounds may be explained by the ability of asterina-330 to efficiently absorb UV light over a broad wavelength range. Spectrophotometric analysis of a purified solution of asterina-330 (Fig. 5) shows molar extinction coefficients of 23,030 at 3 10 nm and 37,260 at 320 nm. These values are very close to published values for mycosporine-Gly (es10 = 28,100) and palythine (cX10 = 36,200) at their wavelengths of peak absorbance. Thus, asterina-330 can absorb UV light at 3 10 and 320 nm nearly as effectively as mycosporine-Gly and palythine. Demonstration that high molar concentra-tions of asterina-330 efficiently absorb a wide range of biologically damaging UV wavelengths (Fig. 5 ) raises questions about why other reef-building corals, including brown morphs of P. astreoides, do not exhibit a similar strategy. There are at least two possible explanations. First, inability of brown colonies to synthesize or accumulate large quantities of asterina-330 represents an artifact of the duration of the experiment. If brown colonies moved to 1 m had been exposed to UV radiation for much longer than 104 d then, eventually, concentrations of asterina-330 would have approached those observed in green colonies. This argument seems unlikely because green and brown morphs co-occuring naturally at 6 m, although exposed to similar UV-light regimes, exhibit highly significant differences in asterina-330 concentrations (Fig. 3) .
Second, producing large quantities of MAAs, such as asterina-330, to combat UV radiation has a high metabolic cost (JokieI and York 1982) . Concentrations of asterina-330 observed in green P. astreoides represent the highest yet detected for an MAA in a reefbuilding coral (cf. Dunlap and Chalker 1986; Dunlap et al. 1986 ). Because nitrogen is usually in limited supply in the nutrient-poor waters surrounding most coral reefs (D'Elia and Wiebe 1990), its use by the coral-algal symbiosis to produce large quantities of MAAs may outweigh the advantages gained through successful occupation of very shallow habitats. Data obtained here indicate that if a cost exists, it is not manifested as reduction in growth or protein content, Growth rates exhibited at 1 m for green P. astreoides under all three treatment conditions (3.8-4.2 mm yr-') and for browns in UV-blocked treatments (3.5 mm yr --I) were within the range observed previously at similar depths in St. Croix and Jamaica (Huston 1985b) . Green colonies shielded from UV radiation, however, exhibited slightly higher growth than browns under similar conditions (Fig. 2C) , although MAA concentrations in green colonies were almost five times greater (203.8 vs. 43.19 nmol mg-' protein in green and brown colonies, respectively). In addition to growth and protein content, a fitness cost might also be manifested in rcproductive effort. Effects on reproduction were not monitored here and cannot be evaluated, but recent studies have identified a negative relationship between resistance to UV radiation and sediment tolerance (Gleason 1992 ).
Brown P. astreoides colonies are significantly more abundant than green ones in areas with high sediment loads because they are more efficient sediment shedders. On the other hand, as shown here, green colonies are more abundant than brown ones in habitats subjected to high UV-radiation intensities. Demonstration that this tradeoff exists may explain the maintenance of both morphs within this species.
Conclusions
Nutritional dependence of reef-building corals on photosynthetic products translocated from their zooxanthellae has stimulated interest in how they adapt to depth-related changes in the visible portion of the light spectrum (e.g. Falkowski and Dubinsky 198 1; Wyman et al. 1987) . Studies have shown that symbiotic corals are photosynthetically limited to depths within the photic zone, but the role that UV light plays in restricting distributions within this zone is not well understood. Results presented here show . that high intensities of UV radiation can differentially affect two morphs of the ubiquitous Caribbean coral P. astreoides. The direction of these UV-induced effects are consistent with the patterns of abundance observed for these green and brown morphs on the reef and the quantity of mycosporinelike amino acids present within the coral-algal symbiosis. These results provide evidence that studies considering ecological factors which control the depth ranges of "sun-loving" photosynthetic species, ' especially those prevalent in shallow water, should include UV light as a relevant parameter.
